Computational fluid dynamics (CFD) is a powerful tool to extent knowledge of biomechanical processes in cardiovascular implants.
Introduction
Computational fluid dynamics (CFD) has proven to be a powerful in silico method providing information to bridge gaps in knowledge when clinical testing is difficult or even impossible. Moreover, the relevance of CFD for optimization of future implants is increasing constantly. Recent studies concentrate on hemodynamic influence of cardiovascular devices like stents and bioresorbable scaffold or heart valve prosthesis [1, 2] . In particular, normative requirements in the field of heart valve prosthesis demand CFD code validation, if computational analysis will be used in the approval process [3] . Therefore, the U.S. Food and Drug Administration recently started an interlaboratory round robin study to gain reliability and to provide database for the validation of CFD simulations.
One of the published benchmark cases is a generic nozzle consisting of a conical diffusor and sudden expansion. Experimental and numerical data obtained by means of particle image velocimetry (PIV) measurements and CFD, respectively, are freely available and can be found at https://fdacfd.nci.nih.gov/. Previous studies, however, are limited to steady state conditions and there is also no study available transferring this database to coronary applications. The presented study analyzed pulsatile conditions of a down scaled nozzle model to consider physiological flow conditions in coronary arteries. Therefore, our study focused on low Reynolds flow (throat Reynolds number Re t = 500 and inlet Reynolds number Re inlet = 167). The purpose of this study is to provide a pulsatile benchmark case and to investigate the influence of pulsatile conditions on hemodynamic quantities.
Materials and methods
The unsteady generalized Navier-Stokes equations were solved with OpenFOAM® (OpenCFD Ltd. (ESI Group), Bracknell, UK) running on high performance computing cluster (64-bit, Intel(R) Xeon E5-2640v3, 32 CPUs). Due to the low Reynolds number of Re = 500, no turbulence model was used. The nozzle geometry depicted in Figure 1 was previously described by Stewart et al. [4, 5] . The origin FDA nozzle consists of an inlet and outlet tube with a diameter of 12 mm. The ratio of nozzle throat to inlet tube is 1/3. For this study the nozzle geometry was down sized to coronary scale with a tube diameter of 3 mm. To achieve comparability between the results of our study and the results from FDA's round robin study the following normalization is used: the x-coordinate is normalized by the inlet diameter and the r-coordinate of the nozzle throat r throat by the throat radius R throat . Nozzle throat Reynolds number and time averaged were defined as Re t = 500 for steady state and pulsatile conditions, respectively. A Newtonian dynamic viscosity of 0.0035 Ns/m 2 and a density of 1056 kg/m 3 were defined [4, 5] . The waveform used for pulsatile inlet conditions was obtained from [6] and scaled to match Re t = 500 with a frequency of 1 Hz (see Figure 2 ). Under these conditions the Womersley number reaches Wo = 2.065. The inlet Reynolds number reaches Re inlet = 167, which is in physiological range of coronary arteries. Additionally, a second pulsatile simulation was performed by using the Fourier coefficients u An and u Bn of the first frequency f 1 . Therefore the waveform was transformed into Fourier series in sine-cosines representation: (3) where u 0 is the mean velocity (u 0 = 0.184 m/s), t is the time, n is the Fourier mode and f is the frequency. For specification of fully developed inlet velocity the Womersley inlet conditions were used with the first 20 Fourier modes (see Table 1 ). The flow analysis of the coronary nozzle geometry presented in this study focuses on hemodynamic metrics known to be associated with pathologic findings: wall shear stress  W and shear stress  [7] . The obtained results for steady state and time averaged transient simulation are compared as well as with the database of FDA´s round robin study.
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throat = 1 mm Table 1 ): u(t) = 0.184m/s -0.02432m/s*cos(2π*t) -0.09822m/s*sin(2π*t).
Results and discussion
The computational results of the axial velocity along the centerline of the nozzle geometry are compared regarding their inlet condition as well as the PIV and CFD data from FDA´s round robin study (see Figure 3 ). The shear stress profile shown in Figure 5 is plotted as a function of the throat radius r throat at x = -2/3 D inlet (coronary nozzle: x = -0.002 m; FDA nozzle: x = -0.008 m). The choice of this specific position was based on a local maximum of shear stress values.
Shear stress profiles are in a good agreement with FDA´s database and that the shear stress values are independent from the inlet condition. The hypothesis that the velocity distribution under steady state condition is mostly equal to time averaged velocity distribution. Thus, hemodynamic quantities derived from velocity values such as wall shear stress and shear stress are equal as well.
Based on the results, we conclude that a simplification of pulsatile inlet conditions by using steady state conditions is valid, if only time averaged hemodynamic quantities are necessary. This finding is in accordance with Stiehm and Hsiao et al. [8, 9] and could be beneficial due to drastic reduction the computational time. 
Conclusion
In this study we present a coronary nozzle model based on FDA´s benchmark geometry. It was possible to validate the calculated axial velocity, wall shear stress and shear stress profile by using normalized fluid mechanical quantities with experimental and numerical data published by FDA. Furthermore, two different transient CFD-simulations using a physiologic waveform and a sinus inlet condition are performed. It could be shown that time averaged wall shear stress and shear stress values agreed well with steady state results. We conclude that steady state simulations are valid for hemodynamic analyses if only time averaged values are investigated. This could save computational costs in future hemodynamic investigations.
In addition, this study expands FDA´s benchmark case by pulsatile inlet condition for further code validation. Further investigations will concentrate on experimental investigations of pulsatile flow through the nozzle geometry by means of PIV. 
